Intra-articulator anticipatory and carryover coarticulation were assessed in both temporal and spatial terms. Three subjects produced VCV sequences with velar stop consonants and back vowels. Pulsed ultrasound was used to examine the vertical displacement, duration, and maximum velocity of the tongue dorsum raising {VC transition) and lowering (CV transition) gestures. Anticipatory coarticulation was primarily temporal for two subjects, with decreases in the duration of the VC trhnsition accompanying increases in displacement for the CV transition. Carryover coarticulation was primarily spatial for all three subjects, with decreases in CV displacement and maximum velocity accompanying increases in VC displacement. It is suggested that these intra-articulator patterns can be accounted for in terms of an interaction between the raising gesture and a vowel-specific onset time of the lowering gesture towards the vowel. The implications of this kinematic characterization are discussed.
INTRODUCTION
Coarficulation comprises both anticipatory (right-toleft) and carryover (!eft-to-right) effects. Both effects have temporal and spatial aspects. When different articulators are involved, whose gestures are more or less independent, coarticulatory effects are observed primarily in terms of the timing relations among the articulators. When a single articulator is considered, however, coarticulation may be evident in the extent and timing of individual gestures. The present study aims at a systematic description of coarticulatory effects in a single articulator, the tongue dorsum, with special attention to possible differences in the spatio-temporal characteristics of anticipatory and carryover effects.
Intra-articulator anticipatory effects have been demonstrated in gestures ofarticulators such as the tongue, the jaw, or the velum. Several studies have shown that tongue gestures in the horizontal plane during an intervocalic stop consonant closure tend to be in the direction of the tongue position for the following vowel {Perkeli, 1969; Kent and Moll, 1972a; Barry and Kuenzel, 1975; Butcher and Weiher, 1976; Gay, 1977 In this experiment, the kinematics of tongue dorsum movement were examined during the production of VCV sequences. More specifically, we have examined the displacement, duration, and maximum velocity of tongue dorsum movements from an initial back vowel to a velar stop consonant, and from the consonant to a final back vowel.
The anticipatory effect of various final vowels upon the transition from the initial vowel to the consonant (RL effect), and the carryover effect of various initial vowels upon the transition from the consonant to the final vowel (LR effect), have been assessed in both spatial and temporal terms. The relative strength of the effects was also assessed. An explanation based on the interaction between raising and lowering gestures is suggested to account for these effects. Finally, the implications of the kinematic characterization proposed here are discussed.
I. METHOD •g Inatrumentatlon
Tongue dorsum movements and the acoustic speech signal were simultaneously recorded by a computerized ultrasound system. The tongue dorsum displacement was monitored at a rate of 1 kHz by a single pulsed-eeho ultrasound transducer (3.5 mHz) and a Picker model 104 A-scan ultrasound generator and receiver. Ultrasonic reflections from the tongue dorsum were sensed by the transducer which was placed below the mandible. The distance from the transducer to the tongue dorsum was calculated on the basis ß of the interval between the ultrasound emission and the reception of the greatest-amplitude reflection. A Cromemco CS-2 microprocessor was used for the recording and storage of the data. The computer also sampled and stored the coustical signal with a 12-bit analog-to-digital converter.
This system is described in detail by Keller and Ostry (1983) .
Tran•ucer placement and measurement axis
The ultrasound transducer was placed externally along the inferior midline of the mandible, about l-cm anterior to the hyoid bone. The orientation of the transducer was approximately perpendicular to the Frankfurt line, which is parallel to the line between the anterior and the posterior nasal spines (see Zemlin, 1981 , Fig. 4-133, p. 388) . The transducer was held fixed relative to the cranium by an adjustable lightweight assembly mounted on a helmet worn by the subjeers. The head harness and transducer did not significantly affect the extent of vertical jaw movements . The position and orientation of the transducer for recording were determined such that the measured displacement between the tongue position during the closure for/k/and the tongue zero-velocity position during/a/was maximized, and the magnitude of tongue dorsum displacements for the three back vowels,/a, o, U/, corresponded to the traditional order of vowel heights. A simultaneous xray-ultrasound recording indicated that this placement procedure directs the ultrasound beam towards the place of closure for velar stops {Keller and Ostry, 1983, Fig. 3 ). at points corresponding to the typical tongue pellet positions, in x-ray tracings, for the target positions of the vowels /a/and/u/{e.g., Kent and Moll, 1972a, Fig. 1; Gay, 1974,  Fig. 2) .
The preservation of vowel height order along the ultrasound axis can be seen in Fig. 2 with respect to the recorded tongue dotsum displacements toward the final vowel. In all three records shown in Fig. 2 , the initial vowel is/a/and the stop-consonant is/k/. In Fig. 2{a ), the final vowel is/a/, in Fig. 2(b) /o/, and/u/in Fig. 2(c) 
C. Speech sample and subjects
The speech sample consisted of 18 different VCV types. This inventory was made up of all possible combinations of the three back vowels:/a/,/o/(diphthongal), and/u/, varying from low to high, and the two velar stop consonants/k/ and/g/. Each VCV sequence was preceded and followed by the bilabial stop-consonant/p/, and embedded within the sentence "say pVCVp again."
Three adults with normal speech served as subjects. Subjects RF and DO were native speakers of Canadian English (Western and Ontario dialects, respectively). Subject AP was a native Hebrew speaker and fluent in Canadian English. Subject RF was also a fluent speaker of Quebec French. Two of the subjects (RF and AP) produced each sequence 34 times, and the third (DO) 22 times.
D. Experimental procedure
Once a satisfactory transducer placement was achieved and verified by the procedure described above, subjects produced the 18 VCV types in randomized order. The sentences were spoken at a normal rate, with the initial and final vowels in the VCV sequence equally stressed.
The experiment was divided into several sessions, with the transducer placement unchanged during a session. The same placement procedure was employed in each session. Speech samples were recorded in separate trials, each lasting 3.455 s. In each trial, subjects repeated a sentence twice with the same VCV sequence. All 18 VCV sequences were produced and recorded between 4-6 times during each recording session.
E. Data analysis
For the purpose of data analysis, the displacement and acoustic records were transferred to a PDP-I 1/20 computer. Natural cubic spline functions were employed to reduce nonsystematic variation in the displacement data. These functions are third-degree piecewise polynomials defined over a specified number of intervals. They describe a smooth curve approximating a set of data points ( An optimal spline function is one that minimizes the error between the raw data and the spline-fitted curve, while capturing the overall trend of the raw data. Averages of ab-ß solute error between the cubic spline and the raw data were calculated over a wide range of interval widths. This procedure indicated that interval widths below 45 ms had no significant effect upon the average difference between the raw data and the spline ( A numerical procedure was used to assess the effect of different degrees of smoothing (i.e., different interval widths for the spline. function) on the estimated points of movement onset and offset (zero-velocity points). These points were obtained by varying the spacing between knots for a given VCV sequence from 27.6 to 49.3 ms. The analysis indicated that within this range different degrees of smoothing had no systematic effect on the estimation of onset or offset points. The standard error of 12 movement onset point estimates was 0.6 ms; the standard error of an equal number of offset point estimates was 1 ms.
II. RESULTS AND DISCUSSION

A. Kinematics in syrnmetr'c VCV sequences
The kinematics of the vowel-to-consonant and consonant-to-vowel transitions were first examined in the sym- Table I 
Comparison behveen antic•a. tory and carryover effects
Since the anticipatory effects were primarily temporal and the carryover effects primarily spatial as shown by the stepwise regression, a direct comparison of the magnitude of the effects was not possible. However, the effects could be compared in terms of the strengths of the relationships between the initial and final transitions which indicated these effects. Several indices were computed for the kinen•.atic parameters of a given transition, which the regression analysis indicated as being best accounted for by the displacement of the opposite transition (see previous section). These indices are presented in Table II. The partial correlation coefficients for the relationship between the variables are presented in Table II . The partial correlations for the carryover effects were higher in most cases than those for the anticipatory effects, and as reported above, were negative in all cases. In addition, it can be seen that the proportion of variance accounted for (r •) was less for the anticipatory than for the carryover effects. The standard errors of estimate (SEE) for the carryover effects were less than those for the anticipatory effects. These indices show that the relationships between the initial and final transitions which indicate the carryover effects, for all three subjects, were stronger relative to the relationships indicating the anticipatory effects. This asymmetry in the relative strength of coarticulatory effects agrees with previous reports which were based on a more direct comparison of the magnitude of the effects (i•ll-Berti and Harris, 1976; Fowler, 19gla, b).
To summarize: The most consistent anticipatory effect, for two subjects, can be described as a temporal shortening of the VC transition as a function of the final vowel. The duration of the initial transition is progressively shortened as the final vowel goes from high to low. The anticipatory effect for the third subject, which was less reliable, can be described as decreases in the maximum velocity of the initial transition with increases in the displacement of the final transition. The most consistent carryover effect, for all subjects can be described as the spatial shortening of the CV transition as a function of the initial vowel. The vertical displacement of the final transition is progressively reduced as the initial vowel gnes from high to low. The carryover effects were found to be stronger than the anticipatory ones. In addition, all the effects were similar for both intervucalic consonants.
IlL GENERAL DISCUSSION
The anticipatory and carryover effects between the raising and lowering gestures of the tongue dotsum, for VCV sequences with back vowels and velar consonants, are characterized by two main features. The first is the different kinematic nature of the anticipatory and the carryover effects. The anticipatory effect, for two subjects, was primarily temporal, while the carryover effect, for all three subjects, was primarily spatial. The second feature is the pattern of both effects. Regardless of the nature of the effect, spatial or temporid, the corresponding kinematic parameter decreased with greater displacement for the preceding (carryover) or following {anticipatory} transition. We Would like to suggest 
